A serologically distinct member of the tomato spotted wilt virus (TSWV) group was isolated from the hybrid flower crop New Guinea impatiens (Impatiens sp.) and termed TSWV-I. TSVW-I type isolates have frequently been detected in a wide variety of flower crops throughout the United States. TSWV-I~-~i-eg~-many characteristics with TSWV, such as symptomatology and possession of three ssRNA species (L, M and S of 8-3 kb, 5.2 kb and 3-4 kb, respectively) and three structural proteins (G1, G2 and N of 78K, 52K and 28K respectively). The TSWV-I G1 and G2 glycoproteins were serologically related to the respective proteins of TSWV, but the TSWV-I nucleocapsid or N protein was serologically unrelated to that of TSWV. Hybridization analysis under high stringency conditions revealed no hybridization between clones of TSWV-I S and M and the S and M RNAs of TSWV, respectively and in addition, a TSWV S clone hybridized only with TSWV S RNA. The cytopathology of TSWV-I also differed from that of TSWV. TSWV-Iinfected tissue primarily contained filamentous structures arranged in paracrystalline arrays, which were also observed by immunosorbent electron microscopy of tissue extracts. The filamentous structures were only trapped by TSWV-I antibodies. The conserved serological relatedness between TSWV types for G1 and G2, but not N, is consistent with serological analyses of the nairovirus and phlebovirus genera of the Bunyaviridae, the virus family that TSWV most closely resembles.
Introduction
Tomato spotted wilt virus (TSWV) is the type member of the monotypic tomato spotted wilt group of plant viruses (Ie, 1970) . It has a broad host range, is persistently transmitted by several thrip species (Best, 1968) and has enveloped, quasi-spherical particles. Two virus-coded glycoproteins, G1 and G2 (78K and 52K, respectively) , are located on the surface of the virion envelope (Mohamed et al., 1973; Tas et al., 1977) , which surrounds three ssRNA species (Mohamed et al., 1973; Tas et al., 1977) , each individually encapsidated by the 28K nucleocapsid (N) protein (Mohamed et al., 1973; Mohamed, 1981) . TSWV possesses a tripartite RNA genome composed of an L RNA (8.3 kb), an M RNA (5.2 kb) and an S RNA (3.4 kb) (Van Den Hurk et al., 1977) . Lack of infectivity (Van Den Hurk et al., 1977) and preliminary sequence information (de Haan et al., 1988) suggest that the RNAs have negative polarity. Cytopathological studies have shown that TSWV infection generates viroplasms and long filaments, or the typical 85 nm quasi-spherical particles, depending on the stage of virus maturation (Milne, 1970) . Defective forms of TSWV have been identified that produce viroplasms, but no mature virus particles (Kitajima, 1965; Francki & GriveU, 1970; Ie, 1982) . This defect in virus maturation is attributed to a deletion in the M RNA, which prevents synthesis of one of the structural glycoproteins (Verkleij & Peters, 1983) .
The physicochemical properties and morphogenesis of TSWV, which are unique among plant viruses, are similar to those of the Bunyaviridae group of animal viruses (Milne & Francki, 1984; Francki et al., 1985) . The Bunyaviridae are divided into five genera, based on physicochemical properties and viruses within each genus are divided into serogroups, based on antigenic affinities among the structural proteins.
There has been only one preliminary report of serological divergence among TSWV isolates. KameyiIwaki et al. (1988) identified a watermelon strain of TSWV that possessed a serologically distinct nucleocapsid, but in the preliminary report there was no additional information. In this report we describe a serologically distinct isolate of TSWV, designated TSWV-I. This virus is prevalent in flower crops, but does not infect cucurbits and has been isolated from at least five different naturally infected flower crops and from many commercial greenhouses in the midwestern and eastern United States. In this paper we compare some properties of TSWV-I with a TSWV isolate of common type and discuss classification of the viruses.
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Methods
Virus cultures and maintenance. The TSWV-like isolate (TSWV-I) was obtained from the hybrid flower crop New Guinea impatiens (Impatiens sp.) exhibiting TSWV symptoms. Distinct TSWV isolates were obtained by repeated local lesion transfer on Nicotiana glutinasa. The viruses were transmitted mechanically by homogenizing infected tissue in 0.1 M-Tris-HC1 pH 7-8 containing 10mM-sodium sulphite, 10 mM-cysteine and 2.5% (w/v) nicotine, and rubbing onto leaves previously dusted with carborundum, followed by rinsing with water. TSWV-I cultures were maintained and purified from Nicotiana benthamiana, whereas TSWV was maintained and purified from Datura stramonium, which is not a host of TSWV-I.
Virus, protein and RNA purification. TSWV virions were purified as described by Gonsalves & Trujillo (1986) . TSWV-I virions were purified by the following method. N. benthamiana leaves showing systemic symptoms were homogenized in 50 mM-potassium phosphate buffer pH 7.0 (3 : 1 w/v), 10 mr, i-sodium sulphite. The homogenate was filtered through cheesecloth and clarified by two centrifugations at 8000g for 15 rain each. The supernatant was centrifuged at 90000 g (Beckman type 30 rotor) for 35 min. The pellet was then resuspended in 10 mM-sodium sulphite and the suspension was incubated at 4 °C for 30 min, before being adjusted to 0-2 g CszSOJml extract, layered over a Cs2SO 4 cushion (1.12 g/ml) and centrifuged (160000 g in a Sorvall AH650 rotor) for 18 h. Virus was collected 15 mm below the meniscus, diluted in 10 mM-sodium sulphite and concentrated by centrifugation at 90000 g for 55 min. The pellets, TSWV-I virions, were resuspended in 10 mM-Tris-HCl pH 7.8 and were used for infectivity assays and antibody production. N protein was isolated from the TSWV-I virions by repeating the Cs2SO 4 gradient centrifugation described above. TSWV-I and TSWV nucleic acids were isolated from purified virions as described by Moyer & Cali (1985) .
Serological analysis. Polyclonal antibodies to purified TSWV and TSWV-I virions and to the three major structural proteins of TSWV were produced as described by Gray et al. (1988) with the following modifications. Purified TSWV and TSWV-I virions were suspended in 10 mr, t-Tris-HCl pH 7.8 prior to injection. Individual TSWV proteins were isolated by SDS-PAGE. Antibodies were cross-absorbed with purified plant host proteins and the IgG fraction was isolated by Protein A-Sepharose chromatography (Gray et al., 1988) .
TSWV and TSWV-I samples were each prepared by homogenizing a I cm leaf disc in 10 mM-Tris-HC1 pH 7.8 (1:25 w/v) and the extracts were centrifuged for 2min at 100g. The supernatant was then combined with an equal amount of 2 x dissociation buffer (Laemmli, 1970) , or the purified virus was diluted in 2 x dissociation buffer. Electrophoresis and electro-transfer of samples were performed as described by Gray et al. (1988) with some modifications. Carnation brand low fat powdered milk was used as blocking agent and an alkaline phosphatase conjugate-nitroblue tetrazolium/5-bromo-4-chloro-3-indolylphosphate (Sigma) reporter system was used (Leary et al., 1983) .
Molecular cloning of TSWV-L TSWV-I cDNAs were cloned by a modification of the methods of Gubler & Hoffman (1983) from purified, polyadenylated TSWV-I genomic RNA (Gething et al., 1980) . cDNA methylation and EcoRl linker ligation were performed following the manufacturer's instructions (Promega), cDNA was then ligated into the EcoRI site of Lambda ZaplI (Stratagene). Initially, recombinants with inserts were selected by the absence of 8-galactosidase activity. Phagemids were then excised from the recombinant lambda by coinfection with the helper phage R408, followed by propagation in XL1-Blue ceils. Recombinant plasmid DNA was purified (Birnboim & Doly, 1979) , digested with EcoRI and sized on 1% agarose gels. RNA specificity of recombinant clones was determined by Northern blot analysis (Thomas, 1980) and cDNA, used to probe Northern blots of TSWV and TSWV-I RNA, was nicktranslated, as described by the manufacturer (Bethesda Research Laboratories).
Electron microscopy. Carbon-stabilized formvar grids were allowed to float on preimmune serum, purified TSWV-I or TSWV IgG (2 Ixg/ml in 8-2 mM-sodium phosphate pH 7-4, 140 mM-NaCI, 3 mM-KCI and 0-02% sodium azide) for 1 h. The grids were rinsed by floating on 10mM-phosphate buffer pH7-2, containing 0.01% bovine serum albumin, to remove excess serum proteins. The serum-coated grids were then placed on drops of healthy tissue, or TSWV-or TSWV-Iinfected tissue macerate (10 mu-Tris-HC1 pH 7.8 containing 10 mMsodium sulphite) for 1 h, washed three times with extraction buffer and negatively stained with 2% aqueous uranyl acetate.
Healthy and TSWV-I-infected tissue were cut into 1 to 2 mm sections. Tissue samples were fixed and embedded, thin-sectioned and stained as described by Huang et al. (1986) . Electron micrographs were taken with either a JEOL 100-S or a Philips 410LS electron microscope.
Results
The TSWV-I isolates have frequently been detected in flower crops such as antherium, begonia, exacum, gloxinia and New Guinea impatiens. Several TSWV-I isolates originating in flower crops produced typical symptoms, chlorotic and necrotic concentric rings on leaves and/or necrosis in the terminal bud, in both flower crops and Nicotiana sp.
TSWV-I isolates elicited a low response relative to TSWV isolates when TSWV antiserum was used in ELISA and dot-immunobinding assays. The low response was consistent in all isolates when compared in N. benthamiana. Further analysis of TSWV and TSWV-I isolates by Western blots probed with standard TSWV antibodies showed that only TSWV-I G1 and G2 proteins were detected, whereas the N protein was not (Fig. 1) . A representative TSWV-I isolate from the hybrid flower crop New Guinea impatiens (Impatiens sp.) was used for further characterization.
RNA analysis
Total RNA from purified TSWV-I virions fractionated under denaturing conditions into three distinct species with sizes similar to those of the typical TSWV isolate (Fig. 2a) . TSWV-I S (IS-6) and M (IM-3) RNA clones hybridized to TSWV-I S and M RNA, respectively (Fig.  2b, c) . However, no hybridization was detected between the TSWV S RNA and a TSWV-I S-specific clone (Fig.  2b) , or between TSWV-I S RNA and a TSWV S-specific clone (Fig. 2e) . Similarly, a TSWV-I M-specific clone did not hybridize with TSWV M RNA (Fig. 2c) . In addition, the TSWV-I S RNA clone hybridized with TSWV-I-infected tissue and did not cross-hybridize with TSWV-infected tissue (data not shown). (Fig. 3e) . The relative concentration of G 2 was m u c h less t h a n that of N, whereas a protein corresponding to G1 could not be detected (Fig. 3e) . Purification of the N protein by a second Cs2SO4 gradient centrifugation resulted in the loss o f infectivity and c o n c o m i t a n t loss o f the G 2 protein.
Polyclonal antibodies to T S W V -I were p r o d u c e d from purified p r e p a r a t i o n s lacking G1 (Fig. 3e) and thus did not detect G 1 in either purified T S W V -I p r e p a r a t i o n s or extracts from T S W V -I -i n f e c t e d tissue. T S W V -I antibodies detected G 2 separated by P A G E only when gels were overloaded with purified T S W V -I preparations, yet G 2 was easily detected in T S W V -I -i n f e c t e d tissue ( 3 a). TSWV-I antibodies also reacted strongly with the N protein in both purified TSWV-I preparations and in TSWV-I-infected tissue (Fig. 3a) . In contrast, TSWV-I antibodies did not detect TSWV N from TSWV-infected tissue or purified TSWV virions (Fig. 3a) . TSWV virion antibodies reacted with TSWV-I G1 and G2, but not with the TSWV-I N protein (Fig. 1) . TSWV G1 and G2 antibodies reacted with the G1 and G2 proteins, respectively, in denatured TSWV virions, TSWV-and TSWV-I-infected tissue (Fig. 3c, d ). Only TSWV G2 antibodies reacted with purified TSWV-I virions, and TSWV N antibodies only reacted with TSWV N (Fig. 3b) .
TSWV, TSWV G1 and TSWV G2 antibodies trapped spherical particles in TSWV-and TSWV-I-infected tissue, although at much lower frequencies in TSWV-Iinfected tissue (Table 1) . When the concentration of the trapping antibody was increased there was an increase in the number of spherical particles trapped in TSWV-Iinfected tissue by TSWV, TSWV GI and TSWV G2. TSWV N antibodies trapped low numbers of spherical particles, similar to those trapped by preimmune serum from TSWV-infected tissue. Virions were observed bound to grids treated with TSWV-I antibodies, but at levels similar to those trapped by preimmune antibodies. In contrast to the results with TSWV N antibodies, the predominant structures trapped by TSWV-I antibodies in TSWV-I-infected tissue were filamentous (Fig. 4) . These structures were not trapped in healthy tissue or TSWV-infected tissue by TSWV-I antibodies, nor in TSWV-I-infected tissue by any of the TSWV antibodies.
TSWV-I cytopathology
Ultrathin sections of TSWV-I-infected tissue contained numerous electron-dense granules and filaments (Fig.  5a ). The filaments were arranged in paracrystalline arrays, which could be viewed in cross-section as alternating rows of spherical particles and filaments (Fig. 5b) , or in oblique section as Z-shaped structures (Fig. 5c) . The spheres viewed in cross-section were shown to be ends of filaments by viewing the tissue sections at different angles (oblique section).
Discussion
TSWV-I shared several phenotypic characters with typical TSWV isolates as well as having similar structural features such as genomic RNAs and structural proteins. Comparisons of the structural proteins by serology and hybridization analysis of the small and middle RNAs revealed clear differences between the two isolates. There is no precedence for classifying members of the TSWV group of viruses, since this is the first description of divergence among its members. However, serological relationships among the structural proteins are a primary criterion for classifying individual viruses within genera of the animal virus family Bunyaviridae. Viruses within a genus are categorized into serogroups by complement fixation assays, reflecting serological relat- edness among N proteins (Shope, 1985) . The serogroups have been further subdivided into serotypes based on haemagglutination inhibition and neutralization assays, which determine relationships between the structural glycoproteins, G 1 and G2. Particular structural proteins are not conserved between the Bunyaviridae genera. Typically, the N protein is more conserved than the GI and G2 proteins among serogroups. However, the N protein is conserved to a lesser extent than the G1 and G2 proteins among serogroups of the Phlebovirus genus. More recent findings using monoclonal antibodies have confirmed these classification schemes (Pifat et al., 1988) .
TSWV-I is representative of a group of isolates obtained from flower crops distributed over the eastern half of the United States. The envelope proteins, G 1 and G2, were determined by Western blotting to be related to the envelope proteins of the typical isolate. Conversely, the N protein of TSWV-I was distinct from the typical isolate of TSWV. Three other TSWV-I-like isolates from different plants have given the same results (data not shown). These relationships and differences are consistent with those found among the genus Phlebovirus (Shope, 1985) . The preliminary report by de Haan et al. (1988) also revealed significant sequence homology between the M RNA of TSWV and Rift Valley fever and Punta Toro phleboviruses. Serological differences between TSWV and TSWV-I were confirmed by the reciprocal hybridization analysis using cDNAs from the two isolates, which were specific for their respective S and M RNAs (Fig. 2) . Assuming a genomic organization similar to that of phleboviruses, the cDNA from the S RNA would be from the N protein coding region and the M RNA could extend into the G2 coding region. Thus, the lack of hybridization under high stringency conditions between the S RNAs is consistent with the serological results from the N proteins. Although differences exist between the M RNAs, we do not know whether our clones extend into the region coding for G2. The lack of hybridization may also be indicative of divergence in the 3' leader sequence.
Our conclusion as to the taxonomic relationship of TSWV-I to TSWV is that it should be classified as a distinct virus in a new serogroup (designated I) based on the Phlebovirus precedent.
The cytopathology of the TSWV-I isolate is consistent with previous reports of TSWV (Francki & Grivell, 1970) . The paracrystalline arrays of filamentous structures (Fig. 5 ) associated with TSWV-I seem to be nucleocapsids, based on the circular filaments observed in immunosorbent electron microscopy of TSWV-Iinfected tissue (Fig. 4) . Bunyavirus nucleocapsids have also been found to be circular when viewed in the electron microscope (Pettersson &von Bonsdorff, 1975) . These filamentous structures have been recognized in TSWV-infected tissue as dense strands (Kitajima, 1965) , bundles of long filaments (Francki & Grivell, 1970) , amorphous, darkly stained material (Milne, 1970) and electron-dense structures with a lattice periodicity (Ie, 1982) . The occurrence of filaments has been associated with assembly-defective TSWV isolates that were found to lack the G2 protein (Verkleij & Peters, 1983 ) and filaments were the predominant structure observed in TSWV-I-infected tissue. The low levels of G2 and absence of G 1 from purified TSWV-I could be due to inefficient assembly of TSWV-I virions. Further experiments will be performed to determine the nature of the assembly defect.
